The solubility of 2, 5-Di-Tert-Butylhydroquinone (DTBHQ) in acetone, ethyl acetate, methanol, and the mixtures of ethanol and water was measured and correlated in the temperature range between 278.95 K to 346.15 K. It was found that the solubility in acetone increases more rapidly with increasing temperature than in other solvents. The data was correlated using the modified Apelblat, Buchowski-Ksiazczak h, and Van't Hoff equations, with the maximum relative average deviation less than 2.74 %. The obtained thermodynamic models were used in designing a crystallisation process and synthesizing a flowsheet for effective purification of crude DTBHQ from the by-product of tertiary butylhydroquinone (TBHQ).
INTRODUCTION
DTBHQ (C14H22O2, CAS No 88-58-4, IUPAC name: 2,5-Di-tert-butylbenzene-1,4-diol) is an important anti-oxidant and anti-aging additive used widely in the polyester industry. 1 It is colourless, of low toxicity, and has shown excellent end-use performance. Its demand has been on the increase in recent years, in particular in the manufacture of transparent or white plastic products. DTBHQ is often made as a by-product during the manufacture of the food additive tertiary butylhydroquinone (TBHQ). The raw DTBHQ needs to undergo decolouring treatment and further purification. The process is complicated by having to achieve multiple objectives including minimization of cost, wastes and use of solvents as well as maximizing the yield and meeting the product quality criterion measured by DTBHQ colour. Process synthesis and optimization could not be achieved purely by computer simulation due to the gap in detailed quantitative knowledge about the colourants and first principle models of decolouring, as well as the lack of thermodynamic models in particular solubility data of DTBHQ in solvents. While the decolouring operation can still be optimized through multiple experiments with the support of the available, despite limited, qualitative knowledge, for the crystallisation operation and for the entire process synthesis, it is almost impossible to achieve the same without thermodynamic data.
The main contributions of the paper are as follows. Firstly, the solubility of DTBHQ in acetone, ethyl acetate, methanol, and the mixtures of ethanol and water with different solvent compositions are measured in the process operational temperature range between 278.95 to 346.15 K using the gravimetric method. Secondly the data was correlated in modified Apelblat, the
Buchowski-Ksiazczak h, and the Van't Hoff equations. The data and models were then used in the design and optimization of crystallisation experiments, and in laying out the entire process integrating decolouring and purification operations. Experimental results will be presented, demonstratingthe effectiveness of the process thus synthesized.
SOLUBILITY MEASUREMENT

Materials
The DTBHQ used in this study was provided by the Guangzhou Taibang Food Additive Technology Co. Ltd., the mass fraction purity is greater than 0.990 as analyzed by gas chromatography (Clarus 500 Gas Chromatograph, PerkinElmer). The mass fraction purity of the solvents used was listed in Table 1 . Deionized water was used.
Experimental
Solubility measurement was conducted using gravimetric method. Its main component is a 50 mL jacketed glass reactor equipped with a circulating JULABO thermostatic water bath (FP51, JULABO). The temperature accuracy of the JULABO thermostat is within 0.01 K. The jacketed glass reactor was constantly stirred by a magnetic stirrer to ensure that the solution of DTBHQ in the jacketed glass reactor remains uniform.
The raw material, DTBHQ, was analysed using X-ray powder diffraction (XRPD) and differential scanning calorimetry (DSC). The XRPD patterns were recorded in the range from 5 o to 45 o using diffractometer from Bruker (40KV, 40mA, Cu Ka; Karsruhe, Germany), and the step size and scan rate were 0.005 o and 0.1 s per step, respectively. The DSC instrument was from NETZSCH (NETZSCH DSC 204F1 Phoenix, Germany) with the operation temperature from room temperature to 513.15 K, and the heating rate was set as 10 K min -1 , and the mass of sample was 3 mg for each measurement.
The XRPD pattern of the raw material DTBHQ is shown in Figure 1 , and is found to match the reported XRPD pattern of DTBHQ with a P31C space group 2 . The measured DSC curve for raw DTBHQ is shown in Figure 2 , indicating a melting point of 494.05 K and an enthalpy of fusion of 199.9 J/g, which is almost in agreement with reported melting point of 492.15 K to 493.15 K 3 .
Therefore, the DTBHQ used in this study was identified as P31C space group, as reported in Cambridge Crystallographic Data Centre.
Measurement of DTBHQ solubility in all solvents followed a procedure similar to the one described below in ethanol and water mixture. Firstly, ethanol and water mixture with a pre-defined ethanol content (w) was prepared in a 1000 mL flask. Then 30 mL solvent was added into the 50 mL jacketed glass reactor at a temperature 5 o C lower than set point followed by gradually adding in excess DTBHQ under constant stirring and temperature. After 10 hours stirring at the set point temperature, the magnetic stirrer was stopped. About 3 mL of the upper solution was then withdrawn and put into a weighing bottle (weighed m0) using a pre-heated syringe, the temperature of which was measured using a calibrated thermometer with an uncertainty of 0.1 K and recorded simultaneously. The weighing bottle containing the sampled solution was weighed (m1) quickly and dried in a vacuum oven at 313.15 K. All weighing bottles were covered with a filtered cloth to avoid dust contamination. The weighing bottle was weighed (m2) when the solvent was completely dried. A Mettler Toledo AL204 electronic balance with an uncertainty of 0.1 mg was used to measure all samples.
The mole fraction solubility of DTBHQ (x1) in pure solvents and the binary solvent mixture was calculated using eq.1
where Msolute, Msolvent, and Mwater are the molecular weight of DTBHQ, solvent, and water respectively, w denotes the mass fraction of ethanol in an ethanol and water mixture, and w is 1 for pure solvent. Every one solubility data point was the average of three parallel measurements under the same condition. It was established that the relative average deviation in the experimental solubility value was less than 3 %.
RESULTS, DISCUSSION AND CORRELATION
Effects of Temperature and Solvents
The mole fraction solubility of DTBHQ in mixtures of ethanol and water, and pure acetone, ethyl acetate, and methanol in the temperature range from 278.95K to 346.15 K are summarized in Tables 2 and 3 . As anticipated the solubility varies with temperature and different solvents, as plotted in Figure 3 , where xexp is the mole fraction solubility. It was observed from Figure 3 that the solubility in acetone increases significantly with increasing temperature over the temperature range from 283.35 K to 323.15 K, but for other solvents the increasing trend in temperature is less obvious. It was also observed in Figure 3 that the solubility of DTBHQ in mixtures of ethanol and water drops quickly with increasing water content (1-w) , it becomes very low when w reaches 0.5.
Model Building
Three thermodynamic models were used to correlate the data, namely the modified Apelblat equation, the h equation, and the Van't Hoff model. The model parameters were obtained by calibrating the experimental solubility data using partial least squares (PLS).
Relative average deviation (RAD) was calculated using eq.2 to assess the accuracy of models developed. The relative deviation (RD) between experimental data and predictions was also calculated using eq. 3. The thermodynamic model with the lowest RD and RAD are preferred.
where is the measured mole fraction solubility data, is fitted mole fraction solubility by the models, and n is the total number of experimental points in different solvents.
Modified Apelblat equation. 5, 6 Eq. 4 is the modified Apelblat equation. To correlate solubility (x1) of DTBHQ in acetone, ethyl acetate, methanol, and ethanol-water mixtures, the parameter values of eq. 4 were given in Table 4 . The calculated RD and RAD were summarized in Tables 2   and 3 .
In eq. 4, is the mole fraction solubility, T is the absolute temperature, and A, B, and C are parameters.
Buchowski-Ksiazczak h Equation.
7, 8 The Buchowski-Ksiazczak h Equation, eq. 5, was widely used for modeling solid liquid equilibrium (Buchowski et al 8 ):
where x1 is the mole fraction solubility, T is the absolute temperature, Tm is melting point, and are model parameters. The values of and for eq. 5 were given in Table 5 , for different solvents.
Van't Hoff Equation.
The Van't Hoff model, eq. 6, is also widely used to model the relationships between mole fraction solubility and temperature, enthalpy of dissolution, and entropy of dissolution 9, 10 : ln
where is mole fraction solubility, T is absolute temperature, R is gas constant, ∆H and ∆S stand for enthalpy of dissolution and entropy of dissolution, respectively.
The model parameters of eq. 6, the enthalpy of dissolution and entropy of dissolution of DTBHQ, were calibrated and shown in Table 6 , and the RD and RAD between experimental solubility data and fitted solubility were also calculated and given in Table 3 and Table 6, respectively.
It was seen in Table 6 that the enthalpy of dissolution for DTBHQ in all solvents are positive, indicating that dissolution of DTBHQ in these solvents is endothermic, therefore, growth of crystals from the solutions should be exothermic. This is consistent with the phenomenon observed in evaporation crystallisation of DTBHQ that the temperature of solution will rise after nucleation has occurred.
DTBHQ CRYSTALLISATION DESIGN AND PROCESS SYNTHESIS
Purification of crude DTBHQ from by-product of tertiary butylhydroquinone (TBHQ) can be carried out using cooling, anti-solvent or evaporative crystallisation. As indicated by the solubility data as displayed in Figure 2 , only acetone can be used as the solvent if cooling crystallisation is to be considered, since in other solvents the solubility does now show major changes with temperature. But acetone is more expensive than ethanol with a difference in price of about $ 250.00 per ton. Anti-solvent crystallisation, using ethanol as the solvent and water as the anti-solvent, is also an option since as revealed by the data that DTBHQ's solubility in the mixture of 50 % ethanol and 50 % water closes to zero. However, the cost of recovering ethanol, e.g. via distillation, is a factor that must be taken into account, especially considering the fact that ethanol and water can form azeotrope. After having considered all the factors, evaporative crystallisation using ethanol as the solvent was selected as the route for purification of DTBHQ.
After evaporative crystallisation method was selected, the flowsheet for purification of DTBHQ was then synthesized, as depicted in Figure 4 . This process contains three main parts, which are pretreatment, decolouring and evaporative crystallisation. The reported decolouring techniques include using activated carbon, reductive decolourization method. 12 Here reductive decolourization method is preferred due to lower filtering resistance and excellent decolouring with parameters given in Table 4 . As shown in Table 7 that the yield of DTBHQ using single stage evaporative crystallisation is 73 %.
To increase the yield, cascade multiple evaporative crystallisation can be considered, as depicted by Figure 5 . In such a cascade arrangement, the amount of coloured impurities will no doubt accumulate. Therefore it needs to establish through experiments the optimum number of stages at which the yield is increased to the satisfaction while the requirement on colour of product is still met. The experiments were conducted for an initial feed amount of crude DTBHQ being 0.8kg, as shown in Figure 5 . After pretreatment with aqueous hydrochloric acid solution and decolouring using HCl and Zn powder in ethanol solution, the DTBHQ ethanol solution was filtered and introduced to 5L crystallizer-1. After 75 % ethanol in mass was evaporated, the slurry was filtered and 0.467 kg DTBHQ product was obtained, then the filtered mother liquor was introduced to another 5L crystallizer-2. Our result from cascade crystallisation experiments revealed that the colour of DTBHQ product can still meet customer's demand after three stage evaporative crystallizers. The colour of DTBHQ product will grow dark when if a 4th stage evaporative crystallisation is used. The yield for DTBHQ using three cascade crystallizers can be effectively increased from 73 % to 89 %. Therefore three stage crystallisation was used.
CONCLUSIONS
Solubility of DTBHQ in acetone, ethyl acetate, methanol, mixtures of ethanol and water was measured using the gravimetric method and correlated over a temperature range from 278.95 K to Centered around the evaporative crystallisation process, the process flowsheet was synthesized that includes three major components: pretreatment, de-colouring, as well as evaporative crystallisation. The synthesis has to meet both requirements on high yield and DTBHQ colour.
Combining experiments and theoretical analysis, a three-stage evaporative crystallisation configuration was designed that can meet both the yield requirement and colour. 
=89 %
1 . Total yield is calculated using the total DTBHQ product obtained by all DTBHQ in raw material;
2 . The mass fraction of DTBHQ in raw material is 0.8 measured by Gas Chromatography; 3 . The calculated solubility value of DTBHQ in pure ethanol at 298.15 K using eq.4 was used.
